















































































































































































































































































































































































































































neighbor species, and can be described by a first-order interaction model. However,
“indirect” facilitation has been described as the case where two species compete (say. A
and B), but the presence of a third species (C) reduces these competitive effects, such that
the measured effects of species C on A and B are positive even though they might be
negative when species A or B is absent (Miller 1994; see also treatments of “indirect
mutualism,” Vandermeer and Boucher 1978. Vandermeer 1980).

The detection of higher-order interactions is notoriously difficult (Case and
Bender 1981), and incorporating such complex interaction networks into biodiversity
experiments will require enormous resources. Consider just the investigation of potential
3-way interactions (i.e., how the presence of each species changes the pairwise
interaction of each possible pair). In an experiment with 10 species, the 10 x 10
interaction matrix could be expanded into a 10 x 10 x (10-2) array, where the third
dimension describes how each of the 90 pairwise interactions is changed by the presence
of each of the eight remaining species. Experimentally, this would require growing each
possible mixture of 2 species (45 plots) and each possible three-species combination (120
plots), which, even without replication is a large undertaking. Every possible species
combination, including monocultures, for n species is

n n!

iz (n—10)i!
For an experiment using 10 species, this equals 1023 plots, without replicates! Multi-
dimensional arrays could be used as “community arrays” to describe all first- and higher-
order interactions. But clearly the detection of higher-order interactions in biodiversity

experiments is, for now, strictly within the realm of modeling.

126



Competition for resources: resource ratios and consumption vectors

The non-resource-based competition model showed how diversity-productivity
relationships might be predicted from separate estimates of the interactions between
species pairs, assuming no higher-order interactions are involved. But because no
explicit treatment of competition for resources was included in this model. there is no
straightforward way to use it to predict how diversity-productivity relationships may
change under different environmental contexts, which was the principal motivation
behind prior experimental studies (Chapters 3 and 4). To couple diversity effects to
environmental context, species interactions must somehow be connected explicitly to
environmental parameters. One way to do this is to have species compete for resources
that are, in turn, affected by changes in species population sizes. This calls for the use of
two differential equations—one describing the dependence of the per capita growth rate
of a species on resource levels, the other describing changes in resource levels with
changes in species population size. This is in effect the classic Lotka-Volterra predator-
prey model made explicit for resource competition by MacArthur (1972) and further
developed specifically for resource-based plant competition by Tilman (1982, 1988). In
this section, I use the basic MacArthur-Tilman model to explore how diversity-
productivity relationships change with resource supply conditions. Here I explore
biodiversity effects at equilibrium; in the next section I explore these effects away from

equilibrium.

127



The basic resource ratio model

A simple form of the resource ratio model demonstrates, in terms of explicit
resource competition, the conditions necessary for the equilibrium coexistence of two
species competing for two essential (i.e., non-substitutable) resources (Tilman 1982).
Each species displays Monod-type population growth above the concentration of resource
where growth rate equals mortality rate; this resource level, below which a species cannot
maintain positive growth, is called R*. Displayed on a phase-plane of the levels of two
independent resources, the region in which a species exhibits positive or negative
population growth is described by a “ZNGI”, or zero-net growth isocline (Figure 5.3).
One criterion for coexistence is that species” ZNGlIs overlap; that is. one species is more
limited by resource 1, for example, and the other is more limited by resource 2. This is in
fact equivalent to complementary resource use between species, because species A can
take advantage of a particular resource supply region that species B cannot, and vice-
versa. But this is not the only criterion for stable coexistence.

The other aspect of the model that determines the equilibrium outcome and
whether species coexistence is stable is the rate at which resources are supplied and the
rate at which each species consumes each resource, called “consumption vectors™. The
consumption vector for a species is the vector sum of the rate at which it consumes each
resource (Figure 5.3). For coexistence at equilibrium to be stable, each species must
consume relatively more of the resource that limits its own growth rate—that is, if
species A has a higher R* for resource | than resource 2, it will stably coexist with
species B if its consumes more of resource 1, species B has a higher R* for resource 2

and species B consumes relatively more of resource 2 (assuming an appropriate resource
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supply point in the first place; see below). This is equivalent to the criterion for
equilibrium coexistence in the Lotka-Volterra competition model: each species must limit
itself more than it is limited by the other species (competitive alphas must be less than 1).
Note also that consumption rates and carrying capacities are inversely related in this
model; in other words. all else equal, species with higher consumption rates for a
particular resource have lower monoculture densities (yields) because they require more
resource to attain a given density.

In terms of diversity-productivity relationships, all this translates into two
important points: 1) the existence of complementarity is determined by overlapping
ZNGls, but only if coexistence occurs (i.e., consumption vectors lead to stability), and 2)
consumption vectors determine a species’ monoculture yield (but inversely). Therefore.
by varying ZNGI distributions (or levels of complementarity, similar to varying alphas
above) and consumption vectors (or the level of potential sampling effects), the resource
ratio model can be used to investigate diversity-productivity relationships. Most
importantly, these relationships can be explored over a range of resource supply points to
predict whether resource levels should change the effect of diversity on yield.

For the analysis described below, I used the analytical solution of population sizes
(=mixture yields) at equilibrium for two-species competition from Tilman (1982) (listed
in Appendix B along with parameter values). The resulting mixture and monoculture
yields derived from the model were then analyzed with the Loreau and Hector (2001)
additive partition method, described above, to determine the effect of different rates of
resource supply on complementarity effects (CE), sampling effects (SE), and net

biodiversity effects (BE). As discussed in detail in Chapter 4, the additive partition
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metrics are highly sensitive to total mixture yield and so are difficult to compare among
sites of different resource levels. Below, I report both absolute partition values and
“relative” values where each of the three metrics is divided by the total mixture yield.
Note that these results for two-species competition can be extended to mixtures of more
species only if resource heterogeneity is included in the model, as only two species can
coexist on two resources at equilibrium at one resource supply point (see Tilman and

Lehman 2002).

Biodiversity effects along resource gradients under stable coexistence

Figure 5.4 shows the sensitivity of CE, SE, and BE to resource supply rate for a
mixture of two species that exhibit complementary resource use (overlapping ZNGls) and
have consumption vectors where each species consumes more of the resource that limits
itself. This configuration leads to stable coexistence for the resource supply points
located within the consumption vectors (dashed lines). Complementarity effects only
occur within the resource supply region that defines coexistence—i.e., for
complementarity to occur, both species must be present at equilibrium. Furthermore. CE
increases up the “spine” of dual resource enrichment because CE is sensitive to the
average monoculture value, which increases when both resources are added. This effect
is removed when CE is measured relative to average monoculture value. Moving from
the center of the coexistence region outward toward either axis, CE declines because
species are less able to partition resources.

Sampling effects. on the other hand, dominate the region outside coexistence,

where one species completely dominates the mixture. Interestingly, sampling effects also
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occur within the coexistence region, because slight dominance relationships are created
when the supply of the two resources is not equal (in terms of coexistence, this means the
equilibrium resource point does not lie on the ZNGI intersection). Along each resource
gradient, sampling effects are unimodal, peaking shortly before coexistence regions
before becoming zero where resource supplies of each resource are equal. This results
from a trade-off where sampling effects are enhanced by the monoculture yields of each
species (which is increased by resource supply), but decreased by stable niche
partitioning, the region of which becomes larger as resource supply increases.
Furthermore, SE is always positive in this scenario because the species that ends up
“winning” or dominating a mixture is the species with a greater monoculture value for a

given resource supply point.

Biodiversity effects along resource gradients under species dominance

If biodiversity effects are to occur outside the necessary conditions for species
coexistence, the intuitive expectation is that complementarity disappears and is replaced
by sampling effects. Indeed, complementarity is coupled to coexistence, but the
sampling effect may occur under various degrees of coexistence or complete dominance.
A more interesting question is whether sampling effects from dominance are predicted to
be sensitive to rates of resource supply, and which conditions lead to positive versus
negative sampling effects. An easy way to examine dominance-based sampling effects
along resource gradients with the resource ratio model is to have one species dominate
over all resource supply points at equilibrium—i.e., R*s for one species are below both

R*s for its competitor (ZNGIs non-overlapping) and one species has a higher
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consumption rate for both resources. Figure 5.5 illustrates these scenarios. In the first
case (graph A), the wining species (with the lower R*s) also has the higher carrying
capacity for all resource supply points (or monoculture yield, inversely related to its
consumption rate). Here performance sampling effects are positive and increase with
added supply of both resources (to increase mixture yield, resources must be added
together or one will still limit growth). This is true even when SE is measured relative to
mixture yield (not shown). SE is positive everywhere because the larger species always
dominates, so mixture yields are always greater than the expected average of the two
species. SE increases with resource supply because the difference between the average
monoculture vales and the total mixture yield (of the dominant species) increases with
added resource. In the second dominance scenario (Figure 5.5B), the winning species has
a lower carrying capacity (or higher consumption rate for both resources), which leads to
a negative sampling effect at each resource supply point. By the same means as scenario
A, mixtures yield below the average of the monoculture yields because the least
productive species dominates (see also Figure 4.1), and SE continues to decrease with
dual resource enrichment.

It is also possible that the relative carrying capacities of two species depend upon
resource supply points. such that in one resource supply region species A has a higher
monoculture value, and in another region species B has a higher monoculture value.
Here, even if one species eventually came to dominate at equilibrium over all resource
supply points (because it had lower R*s for both resources), whether total yield is
increased or decreased by richness depends upon resource levels. This case is illustrated

in Figure 5.5C, where species A consumes relatively more of resource 1 and species B
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consumes relatively more of resource 2, but species A dominates for every resource
supply point. In the lower resource supply region where species A has a higher
monoculture value, sampling effects are positive, but these become negative in the upper
region where species B has a higher monoculture value. As before, complementarity is
impossible because ZNGls do not overlap, so net biodiversity effects equal sampling

effects.

Summary of resource ratio model predictions

The equilibrium outcome of two-species competition under a range of different
resource supply points and different conditions of coexistence and dominance allows
several predictions of how diversity-productivity relationships may change along
resource gradients. Note that the following predictions are based on the rather restrictive
assumptions of the model, including equilibrium population densities and resource levels,
no resource heterogeneity, no major differences in life-history or phenology among
species, no trophic interactions, etc.

First, complementarity is a mechanism of equilibrium coexistence; simple
resource partitioning is not enough to generate complementary relationships if species
cannot coexist at equilibrium at a certain resource supply point. At the very least, this
suggests that a complementary relationship at one resource level may cease to exist under
another set of resource conditions. Complementarity should increase within the set of
conditions required for coexistence as conditions become most optimal for resource
partitioning—i.e., as population densities (yields) become most equable. In other words,

complementarity may be as dependent upon species evenness as species diversity
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(Wilsey and Potvin 1999). Within this coexistence region, complementarity effects
should be greater than sampling effects, particularly as evenness increases (and
dominance relationships disappear).

Second, sampling effects should always be present unless conditions for
coexistence are met and species do not dominate mixtures any more than the proportion
of their initial planting density. In one sense this is circular reasoning because SE is
calculated as the covariance between monoculture yield and deviation of relative yield (or
dominance if positive) by the Loreau and Hector metric. [t makes intuitive sense,
however, that sampling effects only occur when dominance relationships are created in
mixture (see also Chapter 4). Outside the conditions for coexistence, sampling effects are
inevitable because, by definition, dominance emerges. Positive sampling effects (leading
to positive biodiversity effects) will occur when, for a particular resource position, the
winning (or simply dominant) species has a higher-than-average monoculture yield (or
carrying capacity), while negative SE occurs when the winning species has a lower-than-
average monoculture yield. As with CE, such relationships may depend on resource
levels, particularly when relative carrying capacities are sensitive to environmental
parameters.

How should these predictions change when the assumptions of the model are
violated? Resource heterogeneity enhances the probability of species coexistence and
allows for more species to coexist at equilibrium on as few as two resources (Tilman
1982, Pacala and Tilman 1994). It is therefore reasonable to expect complementarity to
increase with resource heterogeneity given that species are able to partition this enlarged

resource space. As resource partitioning increases, species dominance should decrease,
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which should lower the degree to which sampling effects determine diversity-
productivity relationships. (For an application of the resource ratio model to the
diversity-productivity relationship with mixtures of more than two species where
resource heterogeneity is utilized, see Tilman and Lehman (2002), although they do not
simultaneously explore complementarity and sampling effects in the same model, and do
not mechanistically explore their simulations with the additive partition technique.) Life-
history differences should strongly enhance the potential for resource partitioning and
hence complementarity, and indeed phenological differences among experimental species
have provided some of the largest effects of diversity on production in prior studies (e.g.,
Hooper and Vitousek 1997, Tilman et al. 1997b, Hooper 1998). Perhaps most
importantly, the assumption most clearly violated in plant diversity experiments is that
populations and resources have attained equilibrium levels in short-term experiments
(particularly in assemblages of annual crops!). It is therefore useful to briefly explore
how relaxing the equilibrium assumption changes the predictions of the resource ratio

model.

Biodiversity effects away from equilibrium

Discussion over the degree to which species coexistence is a result of equilibrium
versus non-equilibrium processes has a long and colorful history in ecology (reviews by.
for example, Armstrong and McGehee 1980, Schoener 1982, Chesson and Case 1986,
Huston 1994, Grace 1999, Hubbell 2001). For species to coexist at equilibrium (ignoring
trophic interactions), they must partition resources in a way that avoids competitive

exclusion, the so-called competitive exclusion principle (Gauss 1934, Vandermeer 1972).



The above resource ratio model is a good representation of this perspective, and like the
hyperbolic competition model, clearly reveals that biodiversity effects by means of
complementarity are directly coupled to processes or factors that control species
coexistence at equilibrium. But what if species coexist largely because competitive
relationships are not allowed to proceed to equilibrium exclusion? Indeed, the paradox
that species must have similar resource requirements to inhabit the same habitat but have
different resource requirements to avoid competitive exclusion has been one of the prime
driving forces of plant community ecology over the past half-century (Hutchinson 1959.
Wuenscher 1969, Grubb 1977, Chesson 1986, Ricklefs 1987, Zobel 1997), leading many
to suggest that species coexist largely due to, for example, intermediate disturbances
(Loucks 1970, Grime 1973, Connell 1978, Huston 1979) and low rates of competitive
displacement (Hutchinson 1961, Grime 1973, Huston 1979, Caswell 1982). If species
coexist in this manner, what does this mean for expected diversity-productivity
relationships? In other words, do biodiversity effects depend fundamentally on how
species coexist?

Following Huston (1979). I used the standard Lotka-Volterra competition
equations to evaluate how biodiversity effects change with different non-equilibrium
conditions, again employing the Loreau and Hector (2001) additive partition technique.
which provides separate estimates of complementarity and sampling effects. Dynamic
solutions of the Lotka-Volterra model, unlike the equilibrium solution, depend upon the
relative growth rates of interacting species. The way in which these rates affect final
species diversity, and hence biodiversity effects, is then controlled by two independent

factors: the frequency of disturbance, in this case a density independent population
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reduction of all species at a certain time interval, and the rate of competitive
displacement. Huston (1979) showed how these factors determine dynamic equilibria
solutions of species diversity. For simplicity, [ keep frequency of disturbance constant at
an “intermediate” level and vary the rate of competitive displacement. This axis of
competitive displacement rate can be interpreted as a resource gradient, and is often
experimentally varied as soil fertility (e.g., Austin and Austin 1980, Campbell and Grime
1992). Details of this simulation, including all parameters used, are listed in Appendix B.

I first examined biodiversity effects of six-species mixtures under intermediate
disturbance at different rates of competitive displacement, with no resource partitioning
among species (all o = 1) and carrying capacities inversely related to per-capita growth
rates (the classic 7-K tradeoff; MacArthur and Wilson 1967). In accord with the dynamic
Lotka-Volterra analyses of Huston (1979), variation in the rate of competitive
displacement with constant intermediate disturbance resulted in a unimodal distribution
of species diversity (measured as ') along the displacement rate gradient (Figure 5.6 C).
To determine the corresponding biodiversity effects, separated into CE and SE along the
displacement rate gradient, [ determined the yields of each species without competitors
(with a starting density of 6 for each species), used these “monoculture™ yields to
calculate expected yields of the six-species mixture, and then simulated the yields of each
species in mixture (with a starting density of 1 for each species).

Graphs A and B of Figure 5.6 illustrate the sensitivity of complementarity and
sampling effects to the displacement rate gradient in the dynamic Lotka-Volterra model.
Unsurprisingly, because species do not partition resources (all a = 1), no significant

complementarity effects were detected. Instead, positive biodiversity effects were
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exclusively determined by sampling effects, which increased along the displacement rate
gradient. As before, the reasoning is straightforward: as dominance increases along the
rate gradient after diversity peaks (toward the low end of the gradient), so too do
sampling effects, as the mixture becomes dominated by the species with greater carrying
capacities (Huston 1979). (With positively correlated K and , these relationships hold
but SE reaches an early asymptote along the displacement gradient; results not shown).
Because the rate of competitive displacement is negatively associated with species
diversity over most of the gradient and positively associated with sampling effects. SE.
and hence the net biodiversity effect, is negatively associated with species diversity
(Figure 5.6 D). This is an important point—an equilibrium model predicts positive
association between realized diversity and biodiversity effects because greater amounts of
resource partitioning leads to higher complementarity; a non-equilibrium model in which
species coexist only by means of intermediate disturbance predicts biodiversity effects
only through sampling effects. This makes clear the distinction between initial or
“seeded” diversity and “realized” diversity—realized diversity and biodiversity effects
are correlated only when species partition resources.

Indeed, when resource partitioning is put back into the Lotka-Volterra model.
complementarity effects return whether the model is allowed to reach equilibrium or not.
Figure 5.7 illustrates the same scenario as that in Figure 5.6 except interspecific
competitive coefficients are half of the intraspecific coefficients (all a; = 0.5; all a;; = 1).
Sampling effects increase along the displacement gradient because dominance still
increases along the gradient (graphs B and C of Figure 5.7), but complementarity effects

also increase along the gradient, leveling off as realized diversity reaches low values
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(graph A). However, as in the resource ratio model, this is probably due to the increased
average monoculture values as rates of displacement (for monocultures, simply growth
rate) increase, which spuriously inflates CE values. Nonetheless, complementarity and
sampling effects act in concert to determine biodiversity effects when both dominance
and resource partitioning occur—this is analogous to the stable coexistence solution of
the resource ratio model.

In summary, the only real difference between biodiversity effects in equilibrium
versus non-equilibrium scenarios is whether species coexistence is controlled by resource
partitioning or disturbance. Resource partitioning, if stable, will always give rise to
positive biodiversity effects by means of complementarity use of resources which allows
mixtures to harvest more total resources than less species-rich assemblages. Species
assemblages that have dynamically stable levels of diversity due to disturbance rather
than resource partitioning will also exhibit positive biodiversity effects, but due to
sampling effects alone. As dominance increases as a result of resource enrichment.
sampling effects will increase in both equilibrium and non-equilibrium solutions of the
Lotka-Volterra equations. It is less clear whether complementarity will increase with
resource enrichment or will remain constant—this relationship is probably better
addressed with the use of specific mechanistic models, such as the light partitioning
hypothesis put forth in Chapter 4 and the facilitation hypothesis described in Chapter 2.

Very recently. Pacala and Tilman (2002) produced a similar contrast between
equilibrium versus non-equilibrium approaches to biodiversity effects using the Lotka-
Volterra equations; they suggested that initial non-equilibrium conditions of biodiversity

experiments should be dominated by sampling effects, which over time change into
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complementarity as competitive relationships rather than relative growth rates dominate
community dynamics. Given that niche complementarity among species exists in the
first place, the modeling technique used in this chapter agrees with their result. However.
the transition to complementarity over time is entirely dependent upon the long-term
mechanism of species coexistence, such that if species coexist by means other than
resource partitioning, sampling effects should continue to dominate any biodiversity

effects of more species-rich mixtures over time.

Biodiversity effects, niche theory, and patterns of extinction

In this chapter I have presented three different modeling techniques to estimate
the effects of diversity on species mixture yields and how those effects should change
along resource gradients. The phenomenological plant competition model (Eq. 1) reveals
how interaction coefficients can be used to describe different mechanistic relationships
between species diversity and productivity. The resource-based competition model
further describes the sensitivity of the main two mechanisms, complementarity and
sampling effects, to different levels of resource supply, and how the occurrence of these
processes depends on levels of resource partitioning and relative carrying capacitics
(monoculture yields). Finally, the dynamic Lotka-Volterra model with intermediate
disturbance frequencies suggests that non-equilibrium mechanisms of species coexistence
also lead to positive biodiversity effects, but only by means of sampling effects that
increase with resource levels (if resource enrichment increases the rate of competitive
displacement). All three models suggest that resource partitioning begets

complementarity and dominance begets sampling effects.
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Thus, for all scenarios, the full range of biodiversity effects for any species
assemblage can be predicted from only two species characteristics: 1) species resource
requirements, which determine whether species may partition resources, thus establishing
the existence of complementarity; and 2) species resource consumption rates, which
determine monoculture yields (carrying capacities) and thus the potential intensity of
sampling effects. The relative equilibrium competitive abilities for a group of species at
a given resource level are determined by both minimum resource requirements (e.g., R*)
and by consumption rates (consumption vectors). In other words, because
complementarity effects depend on resource partitioning, species resource requirements
should determine the potential CE of a species assemblage; because sampling effects
depend on dominance relationships, relative consumption rates should determine the
potential SE of a species assemblage. Together, knowledge of these two species
characteristics should allow reasonable predictions of how a particular species
assemblage might influence ecosystem processes compared to its compositional subsets
(again, ignoring higher-order interactions).

The distinction between environmental requirements of species versus their per-
capita impact on the environment is a common if often implicit contrast in community
ecology. It is perhaps the very basis of the different definitions of “niche” that have been
introduced since the concept was first defined by Grinnell and Elton in the 1910s and 20s.
Indeed, this distinction describes the unique aspects of the Grinnellian and Eltonian
definitions in the first place: Grinnell (1917) first described niches of organisms with
particular reference to their environmental requirements (see also Shelford 1913), while

Elton (1927) based his ecological niche on the impact of a species on its ecosystem,
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especially its trophic role (see Leibold 1995). Since then, nearly every reformulation of
the niche has chosen to refine one or both of these aspects, whether from the Grinnellian
side (e.g., Andrewartha and Birch’s “ecological web” (1954); Hutchinson’s “fundamental
niche” (1957); Whittaker et al.’s “habitat” (1973); Leibold’s “‘requirement niche™) or the
Eltonian side (MacArthur and Levins’ resource consumption model (1967); Whittaker et
al.’s “niche” (1973); Leibold’s “impact niche” (1995)), to name but a few; see reviews in
Schoener (1989), Colwell (1992), and Leibold (1995).

The environmental requirements versus impacts distinction is ubiquitous in
ecology, even in far more specific treatments of particular ecological and evolutionary
relationships. For example, Goldberg (1990) formulated a whole theory of plant
competition around two separable aspects of species interaction: “competitive response”,
or ability of species to tolerate low levels of a particular resource, and “competitive
effect”, or the rate at which species consume a particular resource. Clearly, competitive
response concerns resource requirements (akin to R*), while competitive effect concerns
impacts of species on their environment (akin to consumption rates). (Indeed, this
distinction potentially resolves several rather contentious debates concerning the nature
of plant competition; see Grace 1990). Similarly, Antonovics (1978) made the distinction
of range of resource utilization versus utilization efficiency of existing resources among
pasture plant genotypes; Aarssen (1983) extended this reasoning to natural selection,
suggesting that, when faced with a common competitor, species may either undergo
character displacement (separation in niche space or “ecological combining ability™), or
evolution may favor changes related to the rate of resource exploitation, making a species

a better competitor (“competitive combining ability™).
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This dual niche concept was connected explicitly to mechanistic models of
species coexistence by Leibold (1995), whose reasoning [ will, in turn, use to connect the
dual niche concept to both phenomenological and mechanistic models of the diversity-
productivity relationship. Leibold used the basic MacArthur-Tilman resource ratio model
to demonstrate how each part of the niche concept was reflected in the conditions
necessary for species coexistence. In short, Leibold pointed out that species “requirement
niches”, corresponding to the resource requirements of species in the model (uniquely
described by their ZNGIs, as defined above), determine whether a suite of species can
possibly coexist at equilibrium (following MacArthur 1972 and Tilman 1982). That is.
species must somehow partition resources to coexist, as discussed above. But to
determine whether such coexistence is stable. one has to consider species “impact
niches”, or the vector sum rate at which species consume resources. As discussed above,
stability occurs if species limit their own growth more than they are limited by other
species. So realized diversity levels (at equilibrium) are dependent upon both aspects of
the dual niche concept.

In an entirely analogous manner, the extent to which species diversity influences
productivity depends upon the requirement and impact niches of the species involved.
Biodiversity effects are the sum of complementarity and sampling effects.
Complementarity effects emerge in biodiversity experiments (again, assuming
equilibrium) if the two conditions for coexistence are met; that is, species partition
resources and they consume relatively more of the resources that limit themselves.
Sampling effects emerge in biodiversity experiments when species have high impact

niches relative to other species, which leads to dominance. Dominance, in turn, causes
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species mixtures to take on the properties of the dominant species, which can either
enhance productivity above the average of its monoculture values or in some cases lead
to negative biodiversity effects when dominate species have low carrying capacities.
Away from equilibrium where species coexist because dominance relationships are never
realized. the impact niche takes over as the principal determinant of biodiversity effects.
Importantly, however, species mixtures can never be more productive than the most
productive monoculture if complementarity does not occur; if this more stringent
criterion must be met, it is the requirement niche that determines the diversity-
productivity relationship.

The dependence of biodiversity effects on the two seemingly separable niche
aspects of requirement versus impact niches begs the question as to whether these two
niche dimensions are independent. Similar questions have been asked at larger scales in
community ecology; for example, whether a species range size (perhaps indicating niche
breadth, or a wide requirement niche) is related to its local abundance (perhaps an
indication of the impact of species on its environment, though not on a per-capita basis)
(Brown 1995, Gaston 1996, Hubbell 2001). But the question as posed here relates
specifically to local interactions. For example, plant species differ in both their
phenology (which may contribute to complementarity) and their mature sizes and growth
rates (which may contribute to sampling effects), and there is little reason to believe that
these traits are necessarily correlated. However, the finite nature of exploitable resources
suggests an upper bound to the independence of complementary resource use and the
rates at which species use resources—at some point, hoarding of resources by species of

high dominance value will restrict complementary resource use, and vice-versa. To
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explore this scenario theoretically, levels of species complementarity and dominance
must be translated into one another, perhaps by expressing each in terms of a community
resource (Schwartz et al. 2000). Indeed, the analysis of the relationship between CE and
SE in a prior experiment (see Chapter 4) suggests that the potential for high dominance.
leading to high sampling effects, tends to preclude significant complementarity in species
mixtures.

Finally, the utility of the dual niche concept can be expanded to studies of the
relationship between ecosystem functioning and levels of species extinction, more
germane to the “maintenance” of ecosystem function perspective outlined in Chapter 1.
A current major problem of simulation models that attempt to predict the effects of
species extinction on ecosystem functioning is that species extinction is modeled as a
random process (e.g., Tilman et al. 1997a, Naeem 1998, Nijs and Impens 2000, Petchey
2000). This is inherently problematic because neither historical nor current extinction
patterns are random (Raup 1994, Kerr and Currie 1995, Bennett and Owens 1997, Gaston
and Blackburn 1997, McKinney 1997, Purvis et al. 2000b). The dual niche concept
provides a possible solution to this problem because it gives researchers a basis for
including deterministic extinction patterns by having species go extinct according to their
“impact niche” values, which may have real analogues in natural extinction processes.
For example, what if species that individually had the lowest per-capita impact on their
environment were to go extinct first? This may occur if impact values were related to
abundance and the rarest, least-functional species suffer the greatest extinction risk
(MacArthur and Wilson 1967, Lande 1998). At the other extreme, species may go

extinct in the order of highest to lowest impact values. This may occur, for example, if
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large, keystone species that require the largest home ranges or were the poorest dispersers
were most susceptible to extinction from habitat loss (Tilman and Lehman 1997).
Intuitively, if species of higher per-capita environmental impacts suffer higher extinction
risk, ecosystem functioning should be far more sensitive to species loss than if species
extinction is a random process. The coupling of real extinction patterns to studies of how
the functioning of ecosystems responds to extinctions should be a research priority (Bond

1994, Nijs and Impens 2000).

Conclusion

The modeling techniques presented in this chapter were meant to overcome
several limitations of the prevailing theoretical treatments of diversity-productivity
relationships. In particular. these techniques allowed predictions of how resource
availability should influence complementarity and sampling effects (and thus total
diversity effects) and how mechanisms of species coexistence relate to those of diversity
effects. A plant competition model incorporating a “community matrix” revealed how
the nature of pairwise species interactions could be used to predict diversity-productivity
relationships, and demonstrated that competition, complementarity, and facilitation could
be detected and defined based on pairwise species interaction coefficients (alphas).
When explicit competition for resources was added to this framework using the
MacArthur-Tilman resource ratio model, [ demonstrated that biodiversity effects (at least
for a two-species mixture) were highly dependent upon resource supply points. Sampling
effects increase with resource enrichment due to higher dominance levels, while

complementarity depends on whether a particular resource supply position contributes to
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species coexistence. Away from equilibrium, when species coexist due to intermediate
disturbance levels, sampling effects based on species dominance dictate increased
biodiversity effects along a resource (displacement rate) gradient. Finally, I showed how
complementarity and sampling effects. the two principal mechanisms of the biodiversity
effects, are yet another manifestation of the dual niche concept of requirement versus
impact niches.

In general, there was relatively little agreement between previous experimental
results (described in Chapters 3 and 4) and the theory presented in this chapter,
particularly concerning the sensitivity of sampling effects to resource enrichment. It is
important to note. however, that the two experiments were not formulated as tests of the
theory in this chapter, but of the theory described in Chapter 2 relating to habitat selection
versus competitive dominance. and indeed the experimental results are more consistent
with the latter. Many of the inconsistencies between this theory and the experimental
results can be explained by the use of a mostly annual species pool in the experiments. In
particular, dominance relationships, which couple resource enrichment to greater
sampling effects, would not be expected to be fully realized after one growing season
using ruderal species. The theory presented in this chapter should be more applicable to
perennial herb communities that have had enough time to establish complementary and
dominance relationships. Although beyond the resources of this dissertation. many such
studies are currently being performed around the world (e.g., Hector et al. 1999, Tibl.man

et al. 2001).
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Table 5.1. Suggested definitions of interspecific interactions based on the interaction
coefficients (alphas) of two hypothetical species A and B. Details are given in the text.

aag <0 O<aas <1 1 <aas
dea <0 reciprocal facilitation unknown (?)
facilitation
0 <dsa<t facilitation complementarity ggﬂggﬁgg:
T<on | nkooun() | Spllson | tererence
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Figure 5.1. The relationship between mean alpha value of the community matrix and the
net biodiversity effect of the mixture (defined as the difference between the expected
mixture yield, based on monoculture values, and the observed mixture yield) for mixtures
of 10, 5, and 2 species. Parameter values for model (1) were: w.., =50, a =0.05, total N
= 500.
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Figure 5.2. The effect of a reciprocal competitive relationship on the biodiversity effect
of two species of the same monoculture value in a simulated “biodiversity” experiment.
The ordinate is the net biodiversity effect from Figure 5.1. The abscissa is one of the
pairwise alphas (effect of species j on species i); the other alpha is the reciprocal of the
first (a;; = 1/ a;), with normally distributed error of mean 1/ «; and standard deviation of
(.1/] o). Parameter values are listed in Figure 5.1.
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Figure 5.3. The two major species traits of the resource ratio competition model
(MacArthur 1972, Tilman 1982). Both figures are phase-planes of the concentrations of
two resources. The upper figure shows a “zero-net growth isocline” (ZNGI) for essential
resources where a species has a positive per capita growth rate in the shaded area. The
lower figure illustrates a “consumption vector” or the vector sum of the rate at which a
species consumes resources 1 and 2.
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Figure 5.4. Contour graphs of complementarity, sampling, and net biodiversity effects for a two-
species resource competition model meeting the conditions of stable coexistence, where zero-net
growth isoclines (ZNGIs) overlap and each species consumes relatively more of the resource that
limits itself. Axes are levels of each resource, bold lines are ZNGls, dotted-dashed lines are
consumption vectors, and contour lines represent the level of the corresponding biodiversity
effect component for a resource supply point. Bottom graphs divide CE, SE, and BE values by
the total mixture yield. Parameter values are given in Appendix B.
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Figure 5.5. Contour graphs of sampling effects for a two-species resource competition model
where one species “wins”. A) The wining species has a higher carrying capacity; B) the wining
species has a lower carrying capacity; C) relative carrying capacity of the winning species
depends upon resource supply. Graph features are the same as Figure 5.4.
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Figure 5.6. Predicted biodiversity effects on yield along a rate of competitive
displacement gradient in a dynamic Lotka-Volterra competition model with intermediate
disturbance frequency and no resource partitioning. Graphs A and B show calculated
complementarity (CE) and sampling effects (SE) along the displacement gradient; graph
C shows how species diversity depends upon the displacement rate at intermediate
disturbance levels (Huston 1979). Graph D demonstrates the relationship between
dominance and SE. Parameter values for simulations are listed in Appendix B.
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in Figure 5.6. Graph C shows the relationship between competitive displacement rate
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APPENDIX A:
Analytical solution of the “cancellation effect” of competition and complementarity

in the hyperbolic competition model

In two species competition when monoculture values are equal, positive
biodiversity effects occur solely as the result of net complementarity, where the relative
yields of species sum to more than 1; negative biodiversity effects occur as the result of
net competition, where relative yields sum to less than 1. Effects of complementarity and

competition perfectly “cancel” each other when the sum of relative yields equals 1:
RY;+RY,; =1

Or, equivalently in the Loreau and Hector (2001) additive partition, when the deviation of

observed and expected relative yields cancel each other:
ARY, = - ARYJ

Which can also be expressed as the sum of mixture yields (P) equaling the monoculture

yield (M):
Pi+Pj=M

In terms of the hyperbolic competition model (Equation 1, Chapter 5), this translates to:

Nw . Nw _ 2Nw
l+a (N +oN) l+a(N+BN) 1+2aN
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where N is the mixture sowing density per species, w is the mature size of an isolated
individual, a describes the intensity of intraspecific competition, and a and 3 are the
interspecific coefficients that describe the pairwise interactions between the two species.

If N, w, and a are equal for both species, this simplifies to:

1 1 2
+ =
l+a(N+oN) 1+a(N+BN) 1+2aN

Solving for a:

2 _B

24—
aN aN

1
2B+ —
P aN

ag=

This is the analytical solution to the exact “cancellation effect” of competition and
complementarity in the hyperbolic competition model. It is sensitive to both a and N,
because density and intraspecific competition both affect the influences of the interaction
coefficients in the model. When monoculture yields are equal, it is not sensitive to the
size of each species.

Figure 6.1 illustrates the relationship between the above analytical solution of the
cancellation effects and an exact reciprocal relationship between the pairwise interaction
coefficients (a=1/B) where N=250 and a=1/1000. Over the range of coefficients that
probably describes most plant interactions, the deviation between these two functions is

small.
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Figure 6.1. The actual relationship between pairwise competition coefficients that
produces a “cancellation effect” of competition and complementarity (sold line), versus
the true reciprocal relationship (a=1/B) (dashed line). The deviation between these two
relationships is zero when either coefficient is 1 and increases away from 1 in both
directions. Within the typical range of plant interactions (say, 0.5 and 2). the deviation is
minimal. For the above curves, N=250 and a=1/1000.
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APPENDIX B:
Equations and parameters of simulations

in chapter 5

Parameters and analytical solution of the resource ratio model

Follwing Tilman (1982), mixture densities (yields) were calculated for species 1 and 2 as:

C c
]{l —_ _ll_[{2 K2 -2 \
Cy Cis
N =—22 Ny=—>22
1— €\ 1— CiiCx
€516, €162

K; is the carrying capacity (monoculture yield) of species i:

K, =MIN [(S, - R*,)a/c,)]

ci; is the consumption rate of species i for resource j,

S; is the supply level for resource ;.

R*; is the level of resource j below which species / has negative net growth. and
a is a resource supply constant.

Note that mortality rate is not needed when R* is specified.

For all the simulations in Chapter 5, [ used the following parameter values: a=1; S
ranged from 11 to 60 for each resource; ¢ values were .1 and .2. depending on the

simulation, and R * values were 5 and 10, depending on the simulation.

Parameters of the dynamic Lotka-Volterra model

The following parameters were used for six-species competition:

Carrying capacities (K) = {60, 50, 40, 30, 20, 15}
Growth rates (r) = rconstant * {0.1, 0.25, 0.3, 0.4, 0.5, 0.6}; rconstant is the varied rate

of competitive displacement (0.01 to 1.50, 0.05 increments)
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Total time steps = 40
Disturbance frequency = 14 (number of time steps between disturbances)

Disturbance magnitude = 0.83 (proportion of density lost of each species at each

disturbance)
Competition coefficients in scenario 1 all equal 1; for scenario 2 all interspecific

coefficients were changed to 0.5.
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